Non-precious metal bifunctional catalysts are of great interest for metal-air batteries, electrolysis, and regenerative fuel cell systems due to their performance and cost benefits compared to the Pt group metals (PGM). In this work, metal oxides of La 0.1 Ca 0.9 MnO 3 and nano Co 3 O 47 catalyst as bifunctional catalysts were used in oxygen reduction and evolution reactions (ORER). The catalysts were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and N 2 adsorption isotherms. The electrocatalytic activity of the perovskite-type La 0.1 Ca 0.9 MnO 3 and Co 3 O 4 catalysts both as single and mixtures of both were assessed in alkaline solutions at room temperature. Electrocatalyst activity, stability, and electrode kinetics were studied using cyclic voltammetry (CV) and rotating disk electrode (RDE). This study shows that the bifunctional performance of the mixed La 0.1 Ca 0.9 MnO 3 and nano Co 3 O 4 was superior in comparison to either La 0.1 Ca 0.9 MnO 3 or nano Co 3 O 4 alone for ORER . The improved activity is due to the synergistic effect between the La 0.1 Ca 0.9 MnO 3 and nano Co 3 O 4 structural and surface properties. This work illustrates that hybridization between these two metal oxides results in the excellent bifunctional oxygen redox activity, stability, and cyclability, leading to a cost-effective application in energy conversion and storage, albeit to the cost of higher catalyst loadings.
Introduction
Energy security and climate change are widely discussed due to the depletion of fossil fuels and adverse emissions produced while utilizing them. Currently, the energy demand and CO 2 emission are 18 TW and 32 Gt year −1 , respectively, and are predicted to reach 26 TW and 44 (55 total greenhouse gases (GHG)) Gt year −1 at 2040 [1, 2] . The GHG emissions are considered to be major contributors to the anthropogenic climate change. Ambitious targets were set by the recently signed Paris agreement (COP 21) to reduce global average temperature well below the 2°C of preindustrial level in the twenty-first century [3] . To achieve this target, further emission levels should be reduced and restricted to 40 Gt year −1 of GHG by 2030 [4] . European Union has also set its own climate action plan for 80-95% reduction of GHG compared to the 1990 level. The EU has chosen the following sustainable means to meet the target: energy efficiency, renewable energy, nuclear energy, and carbon capture and storage (CCS). In particular, the renewable energy's contribution to the total energy consumption is projected to increase from the current 10 to 50% by 2050 according to the high renewables scenario [5] . The major important renewable energy sources are wind and solar and are projected to reach 26 and 11% of the total energy demand by 2050 [6, 7] . These two systems are intermittent and very much dependent on weather conditions. Therefore, their seamless integration into the grid for transmission to the end user requires a large-scale energy storage system. Currently, we are only able to store 1% of the total energy produced, and 98% of it accounts to gravitational energy stored through pumped water in hydroelectric plants. These are situated in high and low elevations, which in turn affect the social life and ecology of the sites [8] . Electrochemical energy storage systems have attractive features such as modularity, scalability, fast response time, and high-energy efficiency, while they offer a wide range of energy and power densities, charge, discharge and life cycle, and capital cost [9] . Iron-air and Zn-air batteries in their early applications delivered energy densities up to 80 and 200 Wh kg −1 [10, 11] .
The available iron and zinc reserves are 100 and 0.150 billion tons, respectively [12] . They both use metals as negative electrodes and a bifunctional oxygen electrode as cathode.
Oxygen redox reactions take place at the cathode which is the fundamental basis for a number of electrochemical systems such as metal-air batteries, fuel cells, and electrolyzers (water and chlor-alkali) [13] [14] [15] [16] . Even though the theoretical capacities of Fe and Zn electrodes, respectively, are 764 and 1080 mAh g −1 , the capacities of the full cell comprising them are limited by the cathodic reactions at the positive electrode. Significant voltage losses arise during the charge and discharge reactions at the bifunctional air electrode due to the sluggish kinetics leading to significant overvoltages. In alkaline media, the oxygen reduction proceeds by two reaction pathways: (1) the direct 4e − and (2) the peroxide-mediated successive 2e
− , followed by reduction and disproportionation or decomposition of the peroxide [17] . The peroxide pathway is not desirable due to the corrosive species that affect the electrode materials and the active transition metal ions [18] .
Some group of metals favor the direct 4e − pathway such as Pt group, pyrocholre, and perovskite families, whereas peroxide path is favored by carbon materials, Hg, Au, and most of the transition metals and oxides [18, 19] . The platinum group metals (PGM) such as Pt, RuO 2 , and IrO 2 are regarded as state-of-the-art electrocatalysts for both the oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) [20] [21] [22] [23] [24] . Although very low amount of PGM are currently incorporated in the electrode composites, they possess poor stability and their high cost due to limited availability hinders large-scale application and commercialization. Perovskites with ABO 3 structure have been considered as promising candidate electrocatalysts for the cathode, due to their bifunctionality, cost, availability, and stable performances in aqueous alkaline electrolytes. In ABO 3 , generally A belongs to rare-earth divalent ion (such as La, Ce, Nd, Sm, Gd, Dy, Yd, Ho, and Y) and alkaline earth elements (Ca and Sr) while B is a transition metal (Cr, Mn, Fe, Co, Ni, Cu). Labased perovskites outperform other A site elements due to it is high ionic size [25] . Various perovskites have been developed such as LaCrO 3 , LaNiO 3 , LaMnO 3 , LaFeO 3 , and LaCoO 3 [15, 19, 26] . Among them, Mn and Co-based perovskites have shown stable and high oxygen reduction and evolution reaction (ORER) performance due to their oxidation state and spin configuration. Bifunctional ORER performance of the perovskites follow a volcano-type curve, based on the occupancy of e g electronic state as primary activity descriptor, and electronegativity and spin state are considered as a secondary activity descriptor. e g electron occupancy < 1 is favored for ORR, and for OER, it should be e g > 1 [27] [28] [29] . Manganite-based perovskite's oxidation state and e g electron filling vary from less than one to more than one based on A site and B site substitution. Altering the A and B sites results in interesting properties such as oxide ion mobility, electronic conductivity, and oxygen vacancies, which in turn augment the electrocatalytic properties on scale with or even better than PMG [30, 31] . Alkaline earth groups have similar ionic radii to lanthanides, are stable in high-temperature synthesis, and are low cost. Therefore, they are usually more or less substituted in place of the lanthanides. A site substitution results in increased current density and surface oxygen vacancies, conductivity, and stable crystal structure [15] . B site cations affect the bond forming ability of B to oxygenated compounds. Several combinations of perovskite with Mn in the B site were studied such as La 1 − x Ca x MnO 3 , CaMnO 3 , and Ca 2 Mn 2 O 5 [32] . Their surface oxygen vacancies provide additional active sites for the oxygen redox activity. Ca 2 Mn 2 O 5 (e g ≈ 1) has shown to have high OER performance, thanks to its molecular porosity and distorted structure [33] . As mentioned above, Ca substitution results in mixed valence state of Mn (e g < 1), which consecutively produces oxygen vacancies by charge compensation and could promote the charge transfer and peroxide reduction [34] . La 1 − x Ca x MnO 3 has shown high conductivity and better bifunctional performance at even high porosity [35, 36] . In non-stoichiometric La 0.1 Ca 0.9 MnO 3 , Ca substitution results in increased amount of Mn 4+ concentration, which in turn provides high conductivity and enhances the discharge performance comparable to MnO 2 [16, 37, 38] . Though it has high ORR performance, its oxygen evolution performance has shown limitations.
Spinel Co 3 O 4 is a low-cost magnetic p-type semiconductor with good structural stability and low environmental foot print and is commonly used in Li-ion battery, supercapacitor, solidstate sensors, heterogeneous catalyst, pigment, optical devices, photocatalyst, and oxygen evolution electrocatalyst [39, 40] . In recent years, there have been several studies reporting high OER activity with stable bifunctional performance of Co 3 O 4 due to its mixed valance states [5, [41] [42] [43] [44] [45] . Although pure spinel itself is an efficient OER catalyst, its ORR performance is limited due to low conductivity and surface interaction. Recently, numerous strategies with complex or simple processes have been used for the preparation of Co 3 O 4 showing substantial differences in size, shape, and surface properties for various applications [40, [45] [46] [47] [48] [49] [50] . There have been different co-catalysts mixed with Co 3 O 4 to achieve high and stable bifunctional activity [44, 48, [51] [52] [53] . Partial substitution of the spinel Co 3 O 4 tetrahedral sites with Ni, Mn, Cu, or Zn has resulted in improved performance, where the electronegativity of the dopant in the M-O bond tunes the catalytic properties. The electronegativity difference between Mn (1.55) and Co (1.80) is suggested to play important role in electron withdrawal and accepting properties [14, [54] [55] [56] [57] .
More research effort has been centered on manganese and cobalt-based bifunctional catalysts, either alone or in mixture with other metals, due to their performance and abundance. MnO 2 -perovskite mixed catalysts have shown to perform well for bifunctional applications in alkaline electrolyte [58] .
In this work, we prepared nanostructured Co 3 O 4 through facile synthesis method at low temperatures by precipitation and aqueous phase oxidation and high surface area La 0.1 Ca 0.9 MnO 3 through precipitation reaction, calcination, and followed at instant quenching. The oxide nanoparticles prepared with phase purity were characterized by XRD, SEM, TEM, and N 2 adsorption isotherm. The electrochemical properties of the La 0.1 Ca 0.9 MnO 3 and nano Co 3 O 4 were investigated for their bifunctional activity and kinetics by cyclic voltammetry (CV) and linear sweep voltammetry (LSV) coupled with RDE. Single oxides as well as the combinations of the mixed oxides were for the first time studied for their OE and OR in order to evaluate their synergistic relationship for respective reactions and their stability in alkaline solutions.
Experimental
Preparation of La 0.1 Ca 0.9 MnO 3 All of the chemical reagents used for the preparation of the catalysts were of analytical grade and were applied without further purification. The perovskite La 0.1 Ca 0.9 MnO 3 (LCMO) was prepared by the precipitation method using sodium carbonate as supporting electrolyte. The precursors of alkaline earth, rare earth, and transitional metals such as Ca, La, and Mn were all in hydrated forms of nitrates (VWR Chemicals) and were dissolved in distilled water in a molar ratio of 1:0.11:0.9 of respective salt and heated separately at 60°C. Sodium carbonate solution (0.5 M) heated at 60°C was slowly added to the aforementioned mixture kept in a bigger container, which was then stirred vigorously to ensue reaction by precipitation. After several steps of washing and decanting the supernatant, the precipitate was filtered off and dried at 120°C for 12 h. The dry sample was then homogenized in a highspeed mixer and heat-treated at 700°C in air for 6 h and was subjected to instant quenching in a water-cooled zone. The powder was then filtered and washed with deionized water followed by 5% acetic acid in order to remove any unreacted metal species and reduce its strong alkalinity. This step was again followed by drying and pulverization as a final step for the procurement of the catalyst.
Preparation of Co 3 O 4
Cobalt acetate tetra hydrate (9.66 g; VWR Chemicals) was dissolved in 200 ml of methanol (≥ 99.8%, Sigma-Aldrich) in a two-necked 0.5-l flat-bottom flask and heated below 65°C on a hot plate with magnetic stirrer. A 1:1 mixture of deionized water and isopropyl alcohol in a total volume of 0.2 l volume was added, and the temperature was raised to 90°C. During this vigorous mixing, a reflux condenser was connected on the top of the flask for cooling with tap water. As cobalt acetate got hydrolyzed into its constituent cation and anion, a solution of 1 M NaOH (100 ml) was then added dropwise to the above primary solution, where the pink solution was transformed to blue, green, and then brownish color upon sol-precipitation. Pure oxygen was bubbled at 50 ml min −1 , and the reaction continued for 16 h with a final black flocculent precipitate. This product was cooled to room temperature and settled for 1 day. The clear supernatant was then decanted and washed several times with ethanol and water mixtures, and the sediments were finally centrifuged at 3000 rpm. The nanoparticles were then dried in an oven at 60°C overnight, heat-treated at 300°C for removal of the solvents entrapped in the pore structure in N 2 atmosphere for 2 h and cooled, followed by grinding in a mixer to obtain the final product for continued characterization. The chemical reactions taking place during these steps are described below, where cobalt hydroxide precipitates with dissolution of the sodium salt (Eq. 1) in the aqueous phase and continuous formation of Co 3 O 4 nanoparticles (Eq. 2) by the flow of oxygen.
Catalyst characterization X-ray diffraction pattern was recorded by Siemens Diffractometer D5000, equipped with Ni-filtered Cu Kα radiation source (λ = 0.154 nm) at 40 kV and 30 mA in the 2θ range of 10°-80°. Phase identifications were done in EVA software, and corresponding powder diffraction file (PDF) numbers were reported. Scherrer's equation was used on the XRD patterns to calculate the crystallite size. Specific surface area, pore volume, and pore size distributions were obtained by the multipoint Brunauer-Emmet-Teller (BET) analyses and by Barret-Joyner-Halenda method (BJH), respectively, using N 2 adsorption isotherms (Micrometrics ASAP 2010) at a liquid N 2 temperature. Prior to the analyses, the samples were degassed at 250°C for 4 h. Zeiss Ultra-55 SEM and JEOL JEM-2100F TEM were used to analyze the particle sizes and their morphologies.
Electrochemical characterization
The composite electrodes had a gas diffusion layer, current collector, and the electrode material in a series of arrangement.
They were prepared by mixing the electrode materials in the respective mass ratio (Table S1 ). The electrode composition was homogenized in a high-speed mixer at 6000 rpm (Waring® laboratory blender (LB20ES)) in the presence of hydrocarbon solvent (D-70® shellsol). After this, the filtered wet mass as active or catalyst layer was rolled on 100-mesh Ni wire screen on one side. The electrodes were pressed at 375 kg cm
. Following this step, the electrode was dried in an oven to remove the solvent at 100°C. The other side of the electrode was brush-painted by a solution containing 20 wt% PTFE (60 wt% dispersion) and continued until a uniform sealed layer on the nickel mesh was achieved to maintain a proper gas diffusion layer for supply or evolution of oxygen. The electrodes were then sintered in N 2 atmosphere at 325°C for 30 min [59] . The final electrode dimensions were 3 × 5 cm, thickness 0.35 ± 0.05 mm with an active material loading of 6.5-34 mg cm −2 (Table S1 ) depending on the type and composition of the catalyst. The ratios of the oxide catalysts to graphite and PTFE were maintained at 4-5:1:1, except for the 20 wt% Pt/C, which had a ratio of 4:1 to PTFE. The rotating disk electrode (RDE) experiment was performed on glassy carbon (GC) electrode (0.196 cm 2 ). The RDE electrodes were prepared (Table S2) The electrodes with bigger geometric area were tested in 6 M KOH (Sigma-Aldrich ACS reagent, ≥ 85%) in a threeelectrode setup: composite electrode (working), Ni wire mesh (counter), and Hg/HgO (reference). The geometric area of 4 cm 2 with the catalyst layer was immersed in the electrolyte, while the diffusion layer at the rear side was exposed towards the oxygen flow. The ORER activity was measured using CV in the potential range of − 0.35 to 0.70 V vs. Hg/HgO at the scan rate of 5 mV s
In the RDE experiment, 1 M KOH as electrolyte prepared from Milli-Q water (18 MΩ cm) was used. Likewise, a threeelectrode configuration was applied with the catalyst composite on the GC as a working electrode (see above), Pt ring mesh as counter electrode, and Hg/HgO in the same electrolyte as the reference electrode.
The RDE experiments for ORR were performed on LSV mode at scan rate of 2 mV s −1 with different rotation rates varying between 500 and 2500 rpm and in a potential range of 0.1 to − 0.9 V vs. Hg/HgO with constant oxygen-saturated solution. Prior to the RDE experiments, the catalysts were cycled at 10 mV s −1 scan rate in N 2 flow. The number of electrons involved in the reaction was obtained using the well-known Koutecky-Levich equation:
Here, j is the measured current density; j k and j d are the kinetic and diffusion limited current densities, respectively; ω is the rotation rate in rad s
; n is the number of electrons transferred in the reaction; F is the Faraday constant (96,487 C mol ) [60] . The CV and LSV measurements were conducted in SP-50 potentiostat (Biologic S.A., Claix, France). All the potential readings were measured against Hg/HgO reference electrode. The reported current densities were based on the geometric area of the corresponding electrode configuration. Current interrupt method was used to measure the internal resistance. The LSV recorded were automatically compensated for iR drop by the workstation.
Results and discussion , and CaO, demonstrating high purity of the synthesized sample. In the meantime (marked in ), peak splitting was observed due to the La substitution which induces the structural distortion to high degree of orthorhombicity, as similar splitting was reported in La 1 − x Ce x MnO 3 (x = 0.2) and oxygen-deficient CaMnO 3 − δ (δ = 0.5) [61, 62] . The major substitution of La 3+ by Ca 2+ cation in the A site and insertion of Mn 3+ and Mn 4+ with their respective oxygen vacancies may also affect the 2θ degrees with the lattice constants. The lower XRD pattern in Fig. 1a shows Co 3 O 4 as the face-centered cubic structure of spinel (PDF number 01-074-1657). As no other peaks are observed in this pattern, the Co 3 O 4 was found to be phase pure, as synthesized by the facile hydrolysis, precipitation, and oxidation reactions. The average crystallite sizes as determined by Scherrer equation was found to be 17 and 12 nm for La 0.1 Ca 0.9 MnO 3 and Co 3 O 4 , respectively, determined by the facets at (242) and (311) for LCMO and Co 3 O 4 , respectively.
The morphology of the synthesized powders (LCMO and Co 3 O 4 ) is shown in Fig. 1b, c . The TEM image (Fig. 1b ) Fig. 1 a XRD depicts that the high-temperature synthesis with subsequent quenching results in crystalline, small, and interconnected particles. Although porous structure increases the mass transfer by enabling the reactants to reach the active sites easily, the particles are closely packed, dominated by less internal cavities. However, the crystalline and interconnected particles may reduce the charge transfer resistance in the electrochemical reactions.
Most of the particles of the spinel Co 3 O 4 are in cubic form uniformly distributed nanocrystals having mostly less than 30 nm in size, whereas very few of them exist in platelet nanoneedle-like morphology with less than 5 nm in diameter (Fig. 1c) . The topotactic synthesis process of Co 3 O 4 follows the reactions in Eqs. 1 and 2, where the sol-precipitation of the nanocrystals of Co(OH) 2 is being transformed to nanowires according to Arhcer et al. [50] However, with vigorous stirring and longer reaction time by bubbling oxygen, oxidation of Co(OH) 2 takes place through crystallization/deposition/ growth, enabling the conversion to nanocubes with much less distinct oblong nanowires. Thus, the nanocubes of Co 3 O 4 with the phase purity can be prepared without templates, additives, and/or thermal treatment, rendering small particle sizes as demonstrated from the line broadening of the diffractograms. Figure 1d and e shows the nitrogen adsorption-desorption isotherms and pore size distributions of La 0.1 Ca 0.9 MnO 3 and Co 3 O 4 , respectively. The La 0.1 Ca 0.9 MnO 3 isotherms are typically in the type IV isotherm with H3 hysteresis loops in accordance to IUPAC classification. This behavior is common for aggregates and agglomerates of particles with slit-shaped pores of microporous/mesoporous structure with very narrow size distribution dominating at 1.2 nm (inset Fig. 1d ). This is in agreement with the observations in Fig. 1b and the average pore diameter of 6 nm, depicted in Table 1 . Co 3 O 4 is in the type III isotherm with H1 hysteresis loop, suggesting a dominantly microporous/mesoporous material, where most pores are aligned in the range of 1-10 nm with the peak appearing at 1.5 nm (inset Fig. 1e) . Furthermore, mesopores emerge in the range of 10-100 nm, where increased N 2 uptake corresponding to capillary condensation was observed at the high relative pressure region (0.7 to 1) for Co 3 O 4 having an average pore diameter of 27 nm (Table 1) . Thus, the pore size distributions and pore volumes in both materials show characteristic features for gas-liquid phase reactions to be employed as cocatalysts. The results of the surface properties are summarized in High surface area permits more interfacial contact between the electrolyte and catalyst. Moreover, it should be noted that more porous structures could facilitate the diffusion, adsorption, and transport of O 2 gas and hydrated ions in the solution [36] . The electrocatalyst activity was first investigated by CVon LCMO and Co 3 O 4 electrodes. Catalyst composition is shown in Table S2 . CV was carried out on LCMO/graphite/Nafion on GC substrate in N 2 -saturated 1 M KOH solution, and the redox activities are shown in Fig. 2 . During the anodic scan, one big oxidation peak is observed at 0.04 V for Mn +3 → Mn reactions, respectively, which are much closer to the thermodynamic redox potential for these reactions at 0.089 and − 0.237 V vs. Hg/HgO [35, 61] . Further positive sweep resulted in the oxygen evolution beyond 0.45 V. In the case of reduction, single peak was observed at − 0.16 V vs. Hg/HgO, respectively, which is ascribed to Mn 4+ /Mn 3+ redox couple. Mn 3+ → Mn 2+ peak was not observed in the CV curve, which confirms that the material did not undergo further reduction. The voltammetric profiles are consistent to those found in the literature for manganese-based redox processes [63, 64] . Thus, the LCMO perovskite exhibits a dominantly Mn 3+ / Mn 4+ pair for the reduction and oxidation reactions with oxygen intercalated within its structure, and higher currents are believed to be obtained with the increase in the A site by Ca [58, 64] . Figure 2b shows the voltammogram of Co 3 O 4 /graphite/ Nafion electrode in N 2 -saturated 1 M KOH solution. In aqueous solutions following protonation and deprotonation, the cobalt oxides show two distinct redox pairs both at high and low potentials. During oxidation, peaks are observed at 0.26 and 0.56 V vs. Hg/HgO, respectively, with oxygen evolution to follow. The Co 2+ starts oxidation prior to 0.26 V, and subsequently after 0. 26 4 ) has the mixed valence cobalt ion in its structure. These ions are progressively oxidized to produce both Co(III) and Co(IV) containing species as shown in Eqs. 5 and 6, which are catalytically supportive sites for the oxygen Hg/HgO [65] . Figure 3 shows the LSV response of the sample whose mass loadings are tabulated in Table S2 . For all the polarization curves, the iR and background capacitive current were corrected. The electrocatalytic activity for ORR shows the highest current density for the commercial Pt/C, and the least of all the catalysts was the spinel Co 3 O 4 . At the specific potential of − 0.3 V vs. Hg/HgO, the current densities for the catalysts investigated for ORR were − 2.2 for Pt, − 1. ), calculated from the linear part of the OER polarization curve for all the samples. In the OER region, the Tafel slope in the overpotential region from 0.25 to . The Tafel slope values for LCMO and LCMO mixed with Co 3 O 4 are lower than for Pt/C, while for Co 3 O 4 , the value is close to 2.3 RT/F, suggesting that the variation of the Tafel slopes for these catalysts may be attributed or related to the main causes for the variations in OH − films, surface coverage by adsorbed oxygen species, surface structure and electronic properties, gas bubble formation, and entrapment [69, 70] . Besides, the lower Tafel slope of the Co 3 O 4 -based electrodes is probably associated with the electrophilic and deprotonating properties of the mixed valence cobalt ions causing efficient oxygen evolution as shown in Fig. 2b and Eqs. 5 and 6. On the ORR side, all the samples showed two distinct linear regions, which are related to the potential-dependent surface coverage of the adsorbed species and interactions of molecular oxygen with the metal cations. Tafel slope values are closer to 30 and 120 mV decade −1 for low and high overpotential regions, respectively.
LCMO with Co 3 O 4 shows slightly reduced current at high overpotentials with higher Tafel feature than the LCMO, suggesting that the effect of Co 3 O 4 addition did alter the kinetics somehow as its OR is less distinct as also shown in Fig. 3 . In order to elucidate and determine the number of electrons exchanged and compare among the different catalysts prepared, Fig. S1a-d shows the RDE voltammograms for the compositions shown in Table S2 . The RDE measurements were performed by linear sweep voltammetry mode at 2 mV s −1 with various rotation rates in O 2 -saturated 1 M KOH. This setup eliminates the mass transfer limitations and hence permitting us to investigate the kinetically controlled ORR. In all the catalysts, the limiting current densities (j L ) increased with the rotation rates, which is ascribed to the thinner diffusion layer that allows faster transport of oxygen to the electrode surface as function of the rotation rate. The polarization curves of the LCMO-based electrodes do possess bisigmoidal shapes. Figure S1a shows the electrode containing LCMO catalyst polarization curve at different rotation rates, and the inset figure shows the Koutecky-Levich (K-L) plot. For the LCMO catalyst, the limiting current density (j L ) increased by twofold from 1.1 mA cm −2 when the rotation rate increased from 500 to 2500 rpm. Co 3 O 4 ( Fig. S1b) and LCMO + Co 3 O 4 ( Fig. S1c ) electrodes exhibited lower current densities at the same rotation rate and potential. It is well known that without carbon support (high surface area carbon, reduced graphene oxide) and metal additives, pure Co 3 O 4 having low conductivity shows low ORR activity [5, 44] as the graphite content is low in this study. The K-L plots (j −1 vs. ω were parallel and linear at different potentials, which means that the ORR reaction follows the first-order kinetics. Figure S1d shows Pt polarization curves, which is a well-known catalyst for ORR. Its limiting current densities were much higher than the LCMO, Co 3 O 4 , and LCMO + Co 3 O 4 -based electrodes, and its K-L slopes at different potentials were near identical to each other compared to the well-separated curves of Fig. S1a -c. Figure 5 shows the number of electrons transferred during the ORR, which is an important parameter to determine the intrinsic catalyst activity and mechanism. The number of electrons transferred as function of the potentials was 1.75 to 2 for Co 3 O 4 and 2.75 to 3.2 for LCMO and Co 3 O 4 + LCMO, respectively. The number of electrons transferred for the Ptbased electrode was between 3.6 and 4; similar values were reported [71] . While the Co 3 O 4 -based electrode showed the number of transferred electrons at 1.75 to 2 [72] . Therefore, the oxygen reduction is to proceed through the 2e − peroxide pathway. Upon Co 3 O 4 addition to the LCMO, however, the number of electrons involved for the ORR did not alter too much, implying that the ORR occurs simultaneously through both the 4e − and 2e − pathways as depicted in the bisigmoidal behavior of the shape of the polarization curves [73] in Fig. 3 . Our LCMO and Co 3 O 4 + LCMO containing samples delivered 3 to 3.2e − , which were closer to reported CaMnO 3 material with 3.5e
− [35] . However, through the addition of the conductive carbon and/or Co 3 O 4 , the mechanism for oxygen reduction is expected to be reduced to ca. 2. Moreover, in the mixture of Co 3 O 4 + LCMO electrode, the ORR is able to proceed on par with LCMO electrode. Oxygen reduction in alkaline solution on carbon/graphite and Co 3 O 4 appears to pass through the intermediate peroxide scheme, where in the former case, peroxyl ion concentration increases significantly resulting in far beyond the reversible oxygen potential. Thus, the advantage of the cocatalyst/mixed catalyst of LCMO may infuse the scheme towards the direct reduction through the 4e as a strategy for the synergetic effect of increasing the catalytic activity [74, 75] .
Electrode bifunctional stability is an important parameter, which defines the lifetime of the catalyst/electrode for application for example in metal-air batteries with several charge and discharge cycles. This characteristic was investigated for different single or mixed catalysts by subjecting them to 50 continuous cycles by potential sweeps between − 0.35 and 0.70 V vs. Hg/HgO for both ORR and OER. Table S1 shows the electrode compositions with respective loadings of the catalysts used in the stability test as compared to the relatively low catalyst loadings used in the RDE study used in Table S2 . Figure 6a-d shows ORER profiles of the GDEs for the respective catalysts.
The LCMO containing electrodes depicts pseudocapacitive rectangular current-voltage response, which are typical to multivalent Mn compounds. This capacitance arises due to the K + and OH − ion electrosorption on the Mn ion oxygen vacancy sites [76] . Figure 6a shows the voltammogram of the LCMO/graphite GDE. In the first cycle, LCMO exhibited high current densities corresponding to 29 and 59 mA cm
for the OER and ORR, respectively. After 50 cycles, the current densities for the OER and ORR of the same electrode dropped to 17 and 47 mA cm
. On further charge and discharge cycles, the OER potential shifted to positive potential values, increasing by 80 mV from the initial 0.67 V vs. Hg/ HgO. Thus, the current density for the OER was considerably decreased, while maintaining minor decline for the ORR, implying that the LCMO shows a higher activity for this later reaction. Figure 6b . This is a significant outcome, where both the oxygen evolution and reduction were shown to be enhanced by more than 20%, albeit the current density for the ORR was lower by more than a factor of 7 than for the OER.
The perovskite LCMO shown in Fig. 6a compared to spinel Co 3 O 4 in Fig. 6b delivered high ORR current density, while on the other hand, Co 3 O 4 has stable oxygen evolution performance. Therefore, combining the two catalysts has interesting features for the bifunctional OER/ORR, pertaining to their potential-current characteristics during the repeated cycles. Figure 6c shows the voltammogram of the LCMO and Co 3 O 4 mixed electrode performance. In the first cycle, the OE and OR current for the respective reactions was 58 and 45 mA cm , which were stabilized after 30 cycles and finally displayed at the 50th cycle at 48 and 37 mA cm −2 .
Remarkably, the ORER current densities were found to be still high and constant after the extended 50 cycles. The addition of Co 3 O 4 resulted in the initial increase of the current density for OER by a factor of 2 compared to the LCMO-based GDE in Fig. 6a . However, the current density for the ORR was abated by about 0.8 times. The LCMO-based electrode showed a 41% current density decay from the 1st cycle to the 50th cycle , respectively. Though the amount of Co 3 O 4 in the mixed type of electrode was lower than its corresponding single oxide electrode, the bifunctional performance hitherto shown supports the synergistic effects of LCMO and Co 3 O 4 combined together. Although the ORR performance for many perovskites is considered to be low, La 0.1 Ca 0.9 MnO 3 has shown to have a high catalytic activity for this reaction among the candidate perovskites studied and stable OER was noted for above 170 cycles for GDEs [36] . The effects may be ascribed to the physicochemical nature of the perovskite and the synthesis method used. Furthermore, the enhancement of the OER may also be attributed to the nanoparticle sizes of the Co 3 O 4 , having high surface area and porous structure, prepared by the stepwise precipitation and oxidation. Figure 6d presents the bifunctional activity of the commercial ETEK 20% Pt on Vulcan XC-72 electrode used as a benchmark to compare the electrode performance. Pt showed the highest oxygen reduction current (120 mA cm −2 ) among the catalysts studied during the first cycle, which then gradually increased to 152 mA cm −2 . In addition, its OE performance was 16 mA cm −2 at the initial cycle, which then increased to 31 mA cm −2 at the 50th cycle. However, upon repeated cycles, the carbon support in the Pt-based electrode culminated in dissolution or corrosion turning the electrolyte into brownish color due to the high potentials (> 0.6 V vs. Hg/ HgO) during the oxygen evolution. This phenomenon was not observed in the other catalytic materials as the support/ conductive material was a high surface area graphite and its composition was four times lower than in the Pt-based electrode. Figure 7 shows the OER/ORR mass activities of the GC and GDE electrodes. Major differences between the GC and GDE electrodes were the mass loadings, the hydrodynamics, electrolyte concentration, and conductivity. On the GC electrodes, the mass loading varied between 0.47 and 0.59 mg cm −2 and the rotation was 1600 rpm. On the other hand, the mass loading of the GDEs was in the range of 32-35 mg cm −2 , and the electrode was stationary. Overall, the GC electrodes showed a small mass activity increase compared to the GDE electrode especially on the ORR side. The reason for this might be the accelerated mass transfer in the RDE experiment. The OER mass activities increased in the order of LCMO < LCMO + Co 3 [33, 77] . Interestingly, based on the mass activities, the OER does not show big variations between both the GC, while the rotation rate for the ORR influences to great extent of comparing a miniature geometric area to a bigger gas diffusion electrode. Figure 8 presents XRD spectra of the freshly prepared and the corresponding electrodes after 50 cycles. The Co 3 O 4 containing electrode show a mixture of the phases having CoO and Co 3 O 4 structure, where the former is produced during the sintering procedure and thus reduction of Co 3 O 4 at 320°C in N 2 flow. After repeated 50 cycles, however, the Co 2+ tended to oxidize and could no longer be identified in the diffractograms. In the LCMO containing material, no extra phase corresponding to manganese or lanthanum hydroxides was observed and the crystallite sizes were not observed to change according to the diffractograms. This confirms that the electrodes are structurally stable during the continuous bifunctional OER/ORR operation. Overall, Co 3 O 4 addition imparts the high and stable OER/ORR current densities.
To further understand the electrodes' morphological changes, scanning electron microscopy was performed at different magnifications on the fresh and on electrodes containing the catalysts LCMO + Co 3 O 4 , as well as Co 3 O 4 , and these are shown in Figs. S3 and S4. For comparison, SEM images of the constituent powder samples are also shown in Fig. S2 . Figure S3 shows that the LCMO + Co 3 O 4 electrode surface morphology at the initial stage (a, b) and after 50 cycles (c, d). After 50 cycles, Fig. S3c, d shows resemblance to the initial images in Fig. S3a , b without no significant change in both particle size and morphology. However, slight particle roughening was observed at higher magnification (Fig. S3d) , which might be due to the presence of the KOH leading to crystals on the particles. Similar changes were also found on the only Co 3 O 4 containing electrodes as shown in Fig. S4d . Overall, no major morphological changes were observed on these two samples, which might confirm that the catalysts were stable during the electrochemical cycling. Thus, the SEM together with the XRD results shows that the catalysts are structurally and crystallographically fit for the bifunctional activity of the OER/ORR during the length of the electrochemical operation.
The high activity of OER/ORR and durability of perovskite and Co 3 O 4 mixed catalyst indicate that as a non-noble metal, earth-abundant and low-cost bifunctional catalyst can be used for application in metal-air batteries. The performance could be related to primarily e g (< 1) electron occupancy of the Mn ion (+ 3.7 and oxygen non-stoichiometry) and Co e g (> 1) mixed valence for the high OER and secondly the ionic conductivity of LCMO. These features make LCMO and Co 3 O 4 mixed catalyst as an excellent catalyst for bifunctional catalyst for OER/ORR.
Conclusion
Co 3 O 4 -nanosized particles were synthesized successfully using a facile method. The resultant nanomaterials of both the spinel and the perovskite LCMO showed interconnected networks, having uniform particle size and high surface area with varied pore volumes and pore size distributions. The electrode kinetic studies of La 0.1 Ca 0.9 MnO 3 mixed with Co 3 O 4 showed improved bifunctional activity for both the ORR and OER. The spinel Co 3 O 4 proceeds through the 2e − pathway, while La 0.1 Ca 0.9 MnO 3 mixed with Co 3 O 4 promotes a mixed pathway of both the 2e and 4e. Their bifunctional activity and stability in 6 M KOH on GDE showed that La 0.1 Ca 0.9 MnO 3 mixed with Co 3 O 4 showed durable and high performances compared to the single-phase electrodes of the respective catalysts. The OER mass activities were found to be similar on both the GC and GDE, although there are minor differences in the ORR due to operations and other physical parameters. The OER and ORR mass activities for the mixed catalyst were found to be 1.3 and 1.98 A g , respectively, exhibiting a quasi-reversible and effective catalytic response compared to similar single or mixed phase catalysts. The high activity of the mixed electrodes may be attributed to the structural robustness and synergistic effect. Ex situ XRD measurements of the cycled gas diffusion electrodes were shown to be structurally stable with no major phase transformation. The nanoblending and casting of two different catalysts such as in this study of the LCMO/Co 3 O 4 may be considered as a strategy and a way forward for solving the high overpotentials encountered in both the OER/ORR and find applications in many electrochemical energy conversions and storage.
